Abstract The inferior colliculus (IC) is the first integration center of the auditory system. After the transformation of sound to neural signals in the cochlea, the signals are analyzed by brainstem auditory nuclei that, in turn, transmit this information to the IC. However, the neural circuitry that underlies this integration is unclear. This review consists of two parts: one is about the cell type which is likely to integrate sound information, and the other is about a technique which is useful for studying local circuitry. Large GABAergic (LG) neurons receive dense excitatory axosomatic terminals that originate from the lower brainstem auditory nuclei as well as local IC neurons. Dozens of axons coming from both local and lower brainstem neurons converge on a single LG soma. Excitatory neurons in IC can innervate many nearby LG somata in the same fibrodendritic lamina. The combination of local and ascending inputs is well suited for auditory integration.
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LG neurons are one of the main sources of inhibition in the medial geniculate body (MGB). LG neurons and the tectothalamic inhibitory system are present in a wide variety of mammalian species. This suggests that the circuitry of excitatory and inhibitory tectothalamic projections may have evolved earlier than GABAergic interneurons in the MGB, which are found in fewer species. Cellular-level functional imaging provides both morphological and functional information about local circuitry. In the last part of this review, we describe an in vivo calcium imaging study that sheds light on the functional organization of the IC.
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The organization of the central auditory pathways
Sound is very common in our environment, and the sound scene is a rich source of information. Consider that an emergency car is coming towards you and passes by your side. You will hear the siren change its location, pitch, and loudness over time, but you recognize that the sound is emitted by a single entity passing by. It is clear that every sound will have several characteristics, such as location and spectrum, and both can change over time. Our brain not only extracts these characteristics but also connects them to create a sound object. Indeed, the lower part of the auditory system excels in the extraction of sound information, while the higher centers integrate this information. In this section, we review underlying neural circuitry of the extraction and integration of auditory information.
Sound is transformed into neural signals by the cochlea, where the frequency of sound is analyzed. Auditory information such as spectrum, timing, and location of sound is analyzed in parallel by the nuclei in the lower auditory brainstem (Fig. 1) , i.e., cochlear nuclei (CN), superior olivary complex (SOC), and nuclei of the lateral lemniscus (NLL); For example, T-stellate neurons in the ventral cochlear nucleus (VCN) can convey sound spectra for a wide range of sound intensity (Young and Oertel 2004) . Fusiform cells in the dorsal cochlear nucleus (DCN) have a complex receptive field for sound intensity and spectrum, and they are thought to analyze spectral cues created by head and pinnae that are used for sound location (Young and Oertel 2004) . Neurons in the lateral superior olive (LSO) code interaural level differences, while those in the medial superior olive (MSO) code interaural time differences; both cues are used to analyze the location of sound (Grothe et al. 2010) . Neurons in the intermediate nucleus of the lateral lemniscus (INLL) are well suited for coding timing information (Covey and Casseday 1991) . Each of these brainstem nuclei project to the inferior colliculus (IC, Fig. 1 ; Adams 1979; Oliver 1984 Oliver , 1987 Whitley and Henkel 1984) .
The IC is subdivided into the central nucleus (ICC) and surrounding dorsal and lateral cortices (ICD and ICL), and the ascending fibers from the brainstem auditory nuclei mainly terminate in the ICC. Descending fibers from the cerebral cortex terminate primarily in the IC cortices (rat, Herbert et al. 1991; cat, Winer 2005) . It is thought that the ICC is the first integration center for auditory information from the brainstem that is analyzed in parallel, while the IC cortex receives strong descending inputs from the auditory cortex to produce sound-related behaviors (Xiong et al. 2015) . Accordingly, there is accumulating evidence that ICC neurons integrate several features of sound and create specific responses to complex sounds; For example, some IC neurons are sensitive to specific durations of sound (Casseday et al. 1994 ) and the direction of chirps (sweep frequency-modulated tones, Kuo and Wu 2012; Poon et al. 1992) . However, little is known about the underlying local circuitry and cell types responsible for this integration.
Although various cell types have been identified in the IC by analysis of different characteristics, such as electrophysiological properties (Sivaramakrishnan and Oliver 2001) , neurotransmitter expression (Nakagawa et al. 1995) , and dendritic arborization (Malmierca et al. 1993; Oliver and Morest 1984) , the roles of these cell types in the auditory integration are largely unknown. In the next section we will focus on a cell type with unique synaptic organization, which may underlie the integration of auditory information.
Synaptic organization of LG neurons in the IC
The convergence of inputs on a single neuron from multiple sources that code different types of information about sound is an ideal substrate for this integration. Such convergence is seen on the large GABAergic (LG) neurons of IC (Fig. 2 ) that are distributed throughout the IC (Ito et al. 2009; Ito and Oliver 2012) . The LG neurons are distinguished from other IC neurons by the presence of dense axosomatic excitatory synapses and large cell body size (Altschuler et al. 2008; Ito et al. 2009 ). In rats, GABAergic cells with diameters larger than 16.5 lm receive dense excitatory axosomatic endings (being classified as LG cells), whereas those with diameters smaller than 10.7 lm do not receive such endings (small GABAergic, SG cells, Ito et al. 2009 Oliver and Morest 1984) and LG neurons are the largest neurons in the IC (rat, Ito et al. 2009; Merchan et al. 2005; cat, Oliver et al. 1994) . Most projections which do not terminate in the IC are omitted for conciseness. Inhibitory (In) pathways (blue) include both GABAergic and glycinergic projection. Green arrows indicate glutamatergic excitatory (Ex) pathways, which mainly terminate on dendrites (axodendritic, AD). Red arrows indicate glutamatergic excitatory (Ex) pathways, which terminate on both somata (axosomatic, AS) and dendrites (AD). In the IC, most Ex AS terminals synapse on large GABAergic (LG) neurons. LG neurons are the major source of In ascending projection to the MGB. The MGB receives feedback inhibition from the reticular thalamic nucleus (Rt). In addition, local inhibition system is present in the MGB in some species (e.g., cat and monkey). Arrow size indicates relative density of innervation Functional organization of the local circuit in the inferior colliculus 23
Determining the origin(s) of dense excitatory axosomatic endings is important for understanding the function of LG neurons. Since calyx-or endbulb-like synapses have not been found in the IC, the LG neurons are presumed to receive converging inputs from multiple axons (Ito and Oliver 2012) . We have performed several studies that identify the origin of the axosomatic terminals on the LG neurons of rats (Ito et al. 2011 Oliver 2010, 2014) .
Since excitatory axosomatic terminals are positive for vesicular glutamate transporter (VGLUT)2 but not VGLUT1 (Ito et al. 2009 ), excitatory neurons innervating LG neurons should express the message for VGLUT2 but not VGLUT1. Auditory neurons fitting this description were found in DCN, SOC, INLL, and IC ( Fig. 1 ; Ito et al. 2011) . Many neurons that expressed messenger RNA (mRNA) for VGLUT2 but not VGLUT1 and projected to the IC were found in these nuclei (Ito and Oliver 2010) ; For example, DCN fusiform and giant cells expressed only VGLUT2 and projected to the contralateral IC (Fig. 3) . In contrast, T-stellate cells in the VCN, which are known to project to the contralateral IC (Cant 1982) , expressed both VGLUT1 and VGLUT2 and are not likely to be a source of axosomatic terminals on the LG neurons. In the SOC, many LSO and MSO cells as well as periolivary neurons projected to the IC and expressed VGLUT2 alone. Many INLL neurons expressed VGLUT2 alone and projected to the ipsilateral IC.
To determine whether axons originating from these nuclei make excitatory axosomatic synapses on LG neurons or not, labeling single axons from an identified origin is necessary. Conventional anterograde tracers (e.g., dextran, PHA-L, etc.) are not ideal for this purpose because (1) From Ito and Oliver (2012) these tracers can be taken up by axons passing through the injection site, (2) insufficient labeling of a cell body located outside the injection site is common, and (3) background labeling in the injection site makes it difficult to identify cell types of each labeled cell. Recombinant viral tracers that force infected cells to express fluorescent proteins (e.g., GFP, mRFP, etc.; Furuta et al. 2001; Hioki et al. 2010 ) are ideal for this purpose, because (1) viruses such as Sindbis virus and adeno-associated virus cause little retrograde infection, (2) infected cells are filled with fluorescent proteins in a Golgi-like manner even in the very distal axons (e.g., Ito et al. 2007; Matsuda et al. 2009 ), and (3) there is no background staining of uninfected tissue. We injected the viral tracers in either DCN, SOC, INLL, or IC Ito and Oliver 2014) . In all cases, some labeled axons made varicosities that were positive for VGLUT2 and terminated on the somata of LG neurons. Both local and ascending fibers converged on single LG cell bodies (Fig. 4) . The total number of inputs that converge on a single LG cell body will be large (*100) because the number of axosomatic contacts made by a single axon is small (1-7, Fig. 5a -h). The estimated total number of inputs on a single LG cell body was almost proportional to the surface area of the LG cell body (Fig. 5i, j) , and this suggested that the dense axosomatic terminals covering the LG somata are a specialization to overcome the low input resistance and high membrane capacitance of the LG neurons in the mouse ICD (Geis and Borst 2013; summarized in Ono and Ito 2015) . Because of the large number of single axons making axosomatic inputs on one LG neuron, synchronized activation of the excitatory synapses is needed to elicit an action potential in an LG neuron. Although axons from different origins make similar numbers of axosomatic contacts (Fig. 5h) , single axons from different sources may not produce the same magnitude of synaptic current. The mean volume of axosomatic terminals from ascending axons is significantly larger than that from local IC axons (Fig. 5g) . Since larger terminals contain more synaptic vesicles docked to the active zone (Schikorski and Stevens 1997) and have a higher release probability (Holderith et al. 2012) , it is likely that synapses from ascending fibers may have a higher release probability than those from local axons.
The local inputs to LG neurons suggest a large degree of convergence from local excitatory neurons (Ito and Oliver 2014) . When single neurons are labeled and the dendritic trees and axonal plexuses reconstructed from serial sections (Fig. 6) , labeled IC excitatory neurons are found to have flat axonal plexuses. These combine with the flat axonal plexuses from ascending fibers and terminate on postsynaptic dendrites also parallel to the axonal plexuses. This structure is called the fibrodendritic lamina, which is the basis of tonotopicity of the IC Oliver 2005; Oliver and Morest 1984) . This suggests that local IC excitatory neurons contribute to the fibrodendritic laminae, and within them many LG neurons (10-30) receive local axosomatic contacts. These local excitatory neurons will influence LG neurons located in the same plexus within a distance of *500 lm. Thus, the fibrodendritic lamina is the field of convergence for both local and ascending inputs.
The fibrodendritic lamina does not receive homogeneous inputs, but provides a further level of organization for the IC microcircuit; For example, in cats, DCN axons terminate in a more ventral and medial part of the ICC (Oliver 1984) , while SOC axons terminate in a more lateral part (Oliver et al. 1995) (rat data are shown in Fig. 7) . The organization of ascending inputs creates synaptic domains within the central nucleus, each of which receives a particular combination of ascending fibers from different brainstem sources (Cant and Benson 2006; Casseday et al. 2002; Loftus et al. 2010; Oliver 2005) . The laminar local axons from IC excitatory neurons may travel to neighboring synaptic domains aside from their own. This suggests that an LG neuron may mix auditory information directly from ascending excitatory inputs to its own synaptic domain with indirect inputs from neighboring domains via local collaterals of excitatory neurons. Currently, no detailed anatomical information concerning local inhibitory connection to LG neurons or other cell types is available. However, it is clear that there are massive local inhibitory inputs in the IC, since almost all IC neurons have local collaterals (Oliver et al. 1991; Wallace et al. 2012) . A recent study using glutamate uncaging combined with voltage clamp of mouse ICC neurons demonstrated that ICC neurons receive both excitatory and inhibitory inputs from local neurons which are mainly located within the same laminae (Sturm et al. 2014) . Interestingly, after hearing onset, the region from which inhibitory inputs arise is larger than that from which excitatory inputs arise, suggesting that more synaptic domains join in inhibitory inputs on a single ICC neuron than in excitatory inputs.
Our studies suggest that LG neurons integrate auditory information from the lower brainstem nuclei. However, the kind of auditory information integrated by LG neurons is unknown. One can speculate that LG neurons preserve temporal information of synaptic inputs better than some other cell types in the IC. In the auditory system, excitatory axosomatic synapses from multiple neurons are observed in several cell types that preserve timing information. In the cat VCN, globular bushy cells receive 15-60 excitatory axosomatic inputs (Spirou et al. 2005) , and this enhances the phase locking seen in the auditory nerve (Joris and Smith 2008) . Octopus neurons receive hundreds of axosomatic inputs from the auditory nerve and respond best to the onset of the stimulus (Young and Oertel 2004) . This suggests that the synchronous activation of excitatory axosomatic terminals on LG neurons may lead to the generation of short-latency, well-timed responses as compared with other cell types.
LG neurons project to the medial geniculate body (MGB, Fig. 1 ) (rat, Ito et al. 2009; cat, Winer et al. 1996) , where they innervate stellate neurons and some tufted neurons (rat, Bartlett and Smith 1999) . Axons of LG neurons are the largest in the brachium of the IC (cat, Saint Marie et al. 1997) , and after electrical stimulation of the brachium, monosynaptic inhibitory postsynaptic potentials are elicited before excitatory postsynaptic potentials in MGB neurons (rat, Peruzzi et al. 1997 ). This suggests that LG neurons shape the synaptic responses of the MGB.
Like other sensory systems, the auditory pathway in the forebrain is subdivided into lemniscal ''core'' and (Jones 2007) . The former originates from the ICC and terminates in the ventral division of the MGB that projects to the primary auditory cortex. The nonlemniscal shell originates from IC cortices, and terminates in the dorsal division of the MGB and suprageniculate nucleus that project to caudal and rostral areas of the secondary auditory cortex (Te2 and Te3, respectively, in accordance with Herbert et al. 1991) . Tectothalamic inhibition from LG neurons may be more important in the ''core'' auditory pathway, because the ratio of LG neurons to all GABAergic neurons is higher in rat ICC (Ito et al. 2009 ), and LG neurons mainly terminate in the ventral division of the MGB (guinea pig, Mellott et al. 2014) . Inside the MGB, further integration of sound information may occur since some MGB neurons receive ascending inputs from excitatory and LG neurons that are located in separate areas of the IC (mouse, Lee and Sherman 2010) .
Evolutionary aspects of the inhibitory systems that control the MGB
Comparative neuroanatomy of the system may give us some clues about the function of the tectothalamic inhibitory system. A comparative study may clarify the common system that is preserved among evolutional traits (i.e., clades), and how it will be specialized in each clade, especially in animals with specialized hearing (e.g., echolocation in bats and toothed whales). The former reflects whether it is involved in the more basic functions of auditory processing, and the latter whether the b Fig. 5 Single axons made only a few axosomatic contacts on a single
LG neuron. Analyzed on GFP-labeled axons from single nuclei. phenotype of the LG neurons is important for specialized hearing. It appears that there are considerable differences in the organization of the MGB among species. In the MGB of rats, mice, and mustached bats, GABAergic interneurons are very scarce (\1 % of MGB neurons), while in cats, horseshoe bats, and macaque monkeys local inhibitory neurons represent a considerable part of the population (25 % or more; Ito et al. 2011; Vater et al. 1992; . In mustached bats and rodents, the vast majority of the inhibitory inputs to MGB neurons should come from extrinsic origins. One source is feedback inhibition from the reticular thalamic nucleus, which receives excitatory inputs from layer six pyramidal neurons in the auditory cortex and other multimodal cortical areas as well as neurons in the thalamic nuclei including MGB (rat, Kimura et al. 2005 Kimura et al. , 2012 , and the other source is feedforward inhibition from the LG neurons (Fig. 1 ). It appears that cats, horseshoe bats, and monkeys add GABAergic interneurons to the MGB while keeping both feedforward and feedback systems. The dendrites of MGB interneurons form triad synapses with the ascending glutamatergic tectothalamic terminals and the dendrites of MGB principal neurons (Morest 1971 (Morest , 1975 . The dendrodendritic synapse between the MGB interneuron and principal neuron may elicit a short-latency inhibition which is comparable to tectothalamic inhibition on the MGB principal neurons. Since rodents are phylogenetically closer to primates than carnivores, the MGB GABAergic interneurons are likely to have evolved several times independently . This substantial interspecies difference in local MGB inhibition raises the question of whether neurons responsible for tectothalamic inhibition show interspecies differences or not. The morphology of GABAergic neurons was examined in different clades, i.e., Rodentia (rat and mouse, Geis and Borst 2013; Ito et al. 2009 ), Lagomorpha (rabbit), Primates (common marmoset and Japanese monkey), and Chiroptera (Japanese house bat). In all species tested, large GABAergic cells were observed in all subdivisions of the IC and had somata and dendrites that were densely covered with VGLUT2-positive terminals (Figs. 2, 8) . We also examined the distribution of LG and SG cells in the IC of the common marmoset. In comparison with the rat (Ito et al. 2009 ), the spatial distributions of both classes of GABAergic neurons were very similar (Fig. 8) . This strongly suggests that the presence of the tectothalamic inhibitory neurons is a common feature of the clade Boreoeutheria (Murphy et al. 2001) , which includes all the species tested, and is widely preserved in mammals. Inside the clade, it is an interesting question whether specialization of LG neurons occurs in animals with specialized hearing or not. The phylogenic origin of tectothalamic inhibitory neurons remained to be uncovered.
Functional organization of local circuit of the IC
Although the anatomical studies described above give insights into the function of the local IC circuit in auditory information processing, they do not show how the local circuit works in real environments. Traditional electrophysiological techniques such as intracellular, juxtacellular, or whole-cell patch clamp recordings are useful for this purpose because they can be combined with anatomical techniques (e.g., Geis and Borst 2013; Kuwada et al. 1997; Wallace et al. 2012 ). These methods, however, give us limited information about the ensemble of activities within the local circuit. In contrast, calcium imaging has cellular Fig. 6 Spatial distribution of GAD67? cell bodies receiving axosomatic contact from axons of a single glutamatergic neuron. Reconstructed dendrites (blue) and axons (red) of GFP-labeled neurons in 3 cases that showed single cell labeling with Sindbis pal-GFP virus. Green dots indicate cell bodies of GAD67? neurons that receive one or more axosomatic contacts. In all cases, axonal plexuses were flat and made axosomatic contacts with GAD67? presumable LG neurons. In case 11-13, axon collaterals made two planar plexuses in the ICC and ICD, and one plexus in the ICL. The GAD67? cells receiving the axosomatic contacts were located in the dorsal and lateral cortices as well as in the ICC. Gray lines indicate the border of the ICC. Scale bars 250 lm. Adapted from Ito and Oliver (2014) with permission from Wiley resolution and enables us to record from many neurons in an area of *0.3 mm 2 , so it is useful for studying the interaction of multiple neurons in the IC. In this section we introduce a pilot study of simultaneous recordings from multiple nearby IC neurons.
The physiology of neurons in the cortices of the IC is less well understood than that of the neurons in ICC. The ICD consists of several layers (rat, Faye-Lund and Osen 1985; cat, Morest and Oliver 1984) , each of which receives a distinct combination of inputs and outputs (rat, Herbert   Fig. 7 Distribution of LG neurons (dots) which received axosomatic contacts with GFP?/VGLUT2? terminals after an injection of Sindbis pal-GFP or AAV pal-GFP virus. a An SOC injection case (13-66).
LG neurons receiving contact were found bilaterally. In the ICC, LG neurons receiving contact were located mainly in the lateral part. b A CN injection case (10-66).
LG neurons receiving contact were mainly found in the ICC of the contralateral side. c An NLL injection case (14-16).
LG neurons receiving contact were sparsely distributed throughout the IC of the ipsilateral side. Linke 1999) . Layer 1 receives auditory inputs mainly from the ICC, visual inputs from the retina (rat and macaque monkey, Itaya and Van Hoesen 1982) , and dense descending inputs from the Te2 secondary auditory area that lies ventral and caudal to the primary auditory cortex in the rat (Arnault and Roger 1990; Roger and Arnault 1989) . Since Te2 is considered multimodal for auditory and visual information (rat, Linke 1999; Shi and Cassell 1997) , layer 1 of the IC cortex is likely to be involved in multimodal functions. To understand the role of auditory information in the multimodal pathway, it is essential to know what kind of auditory information is coded in layer 1 of the IC cortex. However, there had been no systematic study in vivo that showed the activity of layer 1 neurons. This is primarily due to the difficulty in placing electrodes in layer 1 due to its shallow depth (*100 lm). On the other hand, the mouse layer 1 is relatively flat and exposed, since it is on the surface of the brain. This allowed us to use an in vivo calcium imaging method for simultaneous recording of sound-evoked activity of many layer 1 cells in mouse ICD ). We obtained sound-evoked responses from 162 cells in 8 mice. In each mouse, the recording site covered most of the surface of the ICD (Fig. 9a ). Most neurons (92.6 %) showed a strong response to broadband noise (Fig. 9b, C) . Most neurons (142 of 162) also showed a significant response to at least one frequency (pure-tone stimuli ranging from 4.5-55 kHz at 75 dB SPL). The majority of neurons had their maximal response to the low-frequency end (\10 kHz) of the mouse audible range (1-100 kHz, Fay 1988) . There were a variety of b Fig. 9 In vivo calcium imaging of cells in layer 1 of the dorsal cortex of the IC. with permission from Elsevier frequency response area shapes. These results suggest that broadband noise and low-frequency sound are important for the multimodal pathway in which layer 1 is involved and that not all neurons process this information in the same way.
In the auditory cortex, in vivo calcium imaging studies have shown that neurons located nearby share similar response properties (mouse, Bandyopadhyay et al. 2010; Rothschild et al. 2010) , and this may reflect common inputs to the local circuitry. In our datasets, ICD neurons located nearby showed similar calcium responses during repetitive presentation of a single sound stimulus. To quantify this, we calculated the similarity of the calcium response with a cross-correlation of the waveforms of all pairs of recorded cells, and we asked whether the result was related to the separation distance between the pair. From the scatter plot between the similarity and distance of all pairs, linear regression between the similarity and distance was made. Most, but not all, datasets showed a weak negative linear correlation (R \ 0.45) between similarity and distance, and this suggests that nearby cells share a similar local circuit. However, this conclusion must be tempered since the correlation value depends on several factors such as the stimulus used, recording quality, and the data analysis methods.
The similar response of a local cluster of neurons is a basis for functional organization such as tonotopicity. When the lateral part of layer 1 of the ICD was imaged, most cells had a similar best frequency (*10 kHz, see above), but no clear frequency map was found (Fig. 9e) . On the other hand, when the medial part was imaged, cells with a higher best frequency were located more medially, while those with a lower best frequency were located more laterally (Fig. 9d, f) , consistent with the presence of tonotopicity at least in a part of layer 1. Since our samples did not cover layer 1 completely, the details of the frequency organization must await future studies.
Concluding remarks
In this review we describe several methods to analyze the local circuitry of the IC and the LG neuron in particular. In the future, it will be desirable to combine these techniques; For example, an injection of a virus that codes for flexGCaMP into the IC of transgenic mice that express Cre recombinase under a cell-type-specific promotor will cause Golgi-like labeling of a specific cell type with GCaMP, a calcium sensor fluorescent protein. This will enable us to simultaneously analyze the activity and the morphology of a population of a specific neuron. The induction of optogenetic channels will enable us to manipulate a specific subpopulation of local neurons. Optimization of such techniques in the auditory system is needed to provide a breakthrough in understanding the complex neural circuitry of this system.
